I

MOLECULAR
METABOLISM

Check for
updates

Understanding insulin and its receptor from their
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ABSTRACT

Background: Insulin’s discovery 100 years ago and its ongoing use since that time to treat diabetes belies the molecular complexity of its
structure and that of its receptor. Advances in single-particle cryo-electron microscopy have over the past three years revolutionized our un-
derstanding of the atomic detail of insulin-receptor interactions.

Scope of review: This review describes the three-dimensional structure of insulin and its receptor and details on how they interact. This review
also highlights the current gaps in our structural understanding of the system.

Major conclusions: A near-complete picture has been obtained of the hormone receptor interactions, providing new insights into the kinetics of
the interactions and necessitating a revision of the extant two-site cross-linking model of hormone receptor engagement. How insulin initially
engages the receptor and the receptor’s traversed trajectory as it undergoes conformational changes associated with activation remain areas for

future investigation.

© 2021 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The 100-year history of insulin intimately intertwines with the quest to
determine insulin’s three-dimensional atomic structure [1—6] and,
through the last few decades, with the quest to understand the mo-
lecular details of insulin’s interactions with its cell surface receptor [7—
16]. This century of endeavor spans the development of protein- and
DNA-sequencing technologies [17,18], protein X-ray crystallography
[19], molecular biology and recombinant protein expression [20],
and—most recently—high-resolution cryo-electron microscopy (cry-
OEM) [21—23]. These technologies have enabled three-dimensional
atomic-level imaging of insulin engaging its receptor, revealing a
complexity of information that would have astonished a century ago.
I begin with an overview of the three-dimensional structure of insulin in
its receptor-free form. This structure— now known for more than 50
years—revealed how the hormone is packaged into a hexamer for
storage in B-cell granules and how it disassembles into monomers in
plasma circulation. The structure led to an understanding, at least in
part, of the surfaces of the hormone responsible for its physiological
action. | then describe the three-dimensional structure of the extra-
cellular (“ectodomain”) region of the insulin receptor in its insulin-
free (“apo”) form, determined progressively over the past two de-
cades. The structure reveals how the receptor’s tyrosine kinase do-
mains are held apart but, at the same time, the ectodomain is poised to
engage an incoming insulin molecule. | then discuss the intricate
engagement of insulin with the receptor, the structural detail of which
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has been revealed only over the past few years. The three-dimensional
views of the insulin-receptor complex reveal the multifaceted confor-
mational transitions that the respective molecules undergo as they
engage and how these transitions ultimately effect receptor activation.

2. INSULIN’S THREE-DIMENSIONAL STRUCTURE

The amino acid sequences of human insulin polypeptides were
determined by Sanger et al. in the early 1950s [24—28]. The hormone
in its mature form comprises two polypeptide chains: a 30-residue B
chain and a 21-residue A chain, interlinked by two disulfide bonds
(CysB7 to CysA7 and CysB19 to CysA21), with a further disulfide bond
located within the A chain (CysA6 to CysA11). The mature form of in-
sulin arises from a “proinsulin” precursor—a single-chain polypeptide
wherein the C terminus of the B chain is linked to the N terminus of the
A chain by a so-called “C peptide” [29]. Maturation involves the
enzymatic removal of the C peptide as well as trimming of the nascent
B- and C-peptide C termini by carboxypeptidases [30,31]. The three-
dimensional atomic structure of insulin was published in 1969 by
Hodgkin et al. [6], insulin being the sixth protein to have its structure
determined.” That structure, as determined by X-ray crystallography at
2.8 A resolution, revealed that the B chain contains a central o helix
(spanning residues B9 to B19) and the A chain contains two o helices
(spanning residues A1 to A8 and A12 to A20, respectively) (Figure 1A).
Residues B20 to B23 form a type-Il B turn and residues B24 to B30
form an extended strand that runs anti-parallel to the B-chain o helix.
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Figure 1: Three-dimensional structure of insulin and its predicted receptor-binding surfaces. (A) Structure of the insulin monomer showing chains A (cyan) and B (magenta)
together with two inter-chain disulfide bonds and one intra-chain disulfide bond. (B) Assembly of the insulin dimer and three dimers into the insulin hexamer. The two zinc atoms
(green) lie on the hexamer axis. The three dimers are shown in varying representations (ribbon, ribbon plus transparent surface, and opaque surface, respectively). (C) Detail of the
insulin dimer interface, with selected residues highlighted. (D) The so-called “classical” set of receptor-binding residues of insulin (stick representation); these overlap insulin’s
dimer-forming surface (transparent white). (E) Predicted additional set of receptor-binding residues of insulin (stick representation); these overlap insulin’s hexamer-forming

surface (transparent white). Panels are based on PDB 1MSO [32].

Within the crystal, the 51-residue molecule is assembled into dimers
related by a two-fold (non-crystallographic) axis, and the dimers then
turn into trimers related by a three-fold (crystallographic) axis
(Figure 1B). Assembly of monomers into dimers is mediated largely by
their respective B24-t0-B30 strands forming an anti-parallel, two-
stranded P sheet (Figure 1C). Two zinc ions are located on the hex-
amer’s three-fold symmetry axis, each ion being coordinated by indi-
vidual triplets of residue HisB10 (Figure 1B). Insulin’s spatial resolution
has since improved progressively to 1.00 A (PDB 1MS0) [32].

Insulin’s three-dimensional structure allowed the immediate inter-
pretation of a wealth of biochemical and biophysical data regarding the
hormone [33]. The hexameric assembly within the crystal was
observed to correspond to the 36 kDa form adopted by the hormone at
neutral pH in the presence of zinc ions, and dimeric subcomponents
corresponded to the 12 kDa form observed for the hormone under
dilute conditions. Disassembly of the hexamer upon loss of the zinc
ions was subsequently rationalized to result from the mutual repulsion
of the six centrally located residues GluB13 [34,35].
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Further insight arose from analyzing the structural location of insulin
residues conserved across species [36]. Conservation across species of
particular amino acids within proteins typically occurs at sites required
either for structural integrity or function; more subtle structural conser-
vation occurs in protein cores, reflecting conservation of the shape and
hydrophobicity. Conservation of surface residues is related more likely to
function, although surface conservation may also be related to the need
to maintain solubility or multimeric assembly. The striking examples in
insulin of residues conserved for structural integrity are the six disulfide-
bond-forming cysteines—all known insulins contain these six residues.
In insulins, the conserved hydrophobic core includes residues LeuB6,
GlyB8, LeuB11, LeuB15, ValB18, GlyB23, lleA2 and LeuA16. Strictly
conserved surface residues include ValB12 and PheB24—these resi-
dues are involved in hormone dimerization (Figure 1C), suggesting in turn
that dimerization is a property conserved across species. The salient
exception to surface residue conservation is in hystricomorph insulins,
which have substitutions (a) at the zinc-chelating residue HisB10
(asparagine in guinea pigs and glutamine in coypu), (b) at residue GlyB20
(a residue involved in the [ turn that enables the B-chain C-terminal
segment to fold back anti-parallel to the B-chain helix; glutamine in
guinea pigs and arginine in coypu), and (c) at the dimer interface-forming
residues PheB25 and TyrB26 (tyrosine and arginine, respectively, in
coypu) [33]. Taken together, these substitutions suggested that the
hystricomorph insulins likely do not assemble into hexamers and
possibly not into dimers. A recent analysis of sequence conservation
across the broader insulin family is in Reference [37].

Whereas it ultimately required the determination of the structure of the
insulin-complexed insulin receptor to provide a full picture, extensive
clues arose beforehand as to how insulin and its receptor might
engage (reviewed in [38—40]). In particular, insulin’s receptor
engagement was deduced to be mediated by what was called the
hormone’s “classical” receptor-binding region—residues ValB12,
TyrB16, GlyB23, PheB24, PheB25, TyrB26, GlyA1, GInA5, TyrA19 and
AsnA21. This region overlaps insulin’s dimer-forming surface
(Figure 1D), and suggestions of its involvement in receptor binding
arose initially from its conservation across species [41] but was
subsequently supported by a wealth of data derived from mutant in-
sulins (see, for example, [42—48]). Confirmation also arose from
chemical cross-linking studies, wherein it was shown that residue
PheB25 (and ValA3) of insulin could be cross-linked to the C-terminal
region of the receptor o chain [49,50] and that residues TyrB16 and
PheB24 of insulin could be cross-linked to the N-terminal region of the
receptor o chain [51,52] (see below for the definition of the receptor o
and [ chains).

Integral to the emerging picture of how insulin might engage its re-
ceptor were detailed kinetic studies of its receptor binding. Insulin
binding to its receptor showed curvilinear Scatchard plots initially
interpreted to reflect two independent binding sites with different af-
finities [53]. However, the detection of accelerated dissociation of
bound radio-labeled insulin upon added unlabeled insulin showed that
the curvilinear plots resulted instead from negative cooperativity be-
tween binding sites [54]. Intriguingly, whereas the degree of accel-
erated dissociation increased with the concentration of added cold
insulin, it reduced at very high concentrations of added cold insulin
[54]. Germane to this observation was the fact that such reduction in
negative cooperativity was not observed for hagfish insulin [55],
despite the “classical” receptor-binding surface of hagfish insulin
being highly similar to that of human insulin. The conundrum was
resolved by proposing that there was a further receptor-binding sur-
face on insulin. This second surface was deduced to include residues
LeuB17 and LeuA13, as mutation of these residues in human insulin
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led to insulins that also fail to show reduced negative cooperativity at
high insulin concentrations [56]. Taken together, these observations
then led to a model wherein it was proposed that (a) the receptor
monomers are arranged in a two-fold symmetric fashion, (b) insulin
binding cross-links two distinct sites (sites 1 and 2’) on the receptor,
one provided by each receptor monomer, (c) such cross-linking of one
site 1-site 2’ pair reduces insulin’s affinity for the alternate site 1’-site
2 pair (negative cooperativity), and (d) at high insulin concentrations,
the receptor becomes saturated with three bound insulins, one insulin
cross-linking the site 1-site 2’ pair and the other two binding indi-
vidually to site 1/ and site 2, respectively [57]. Within this model, one of
these sites was proposed to be engaged by the classical binding
surface of insulin as described above and the other by a surface that
included the insulin residues LeuB17 and LeuA13. Subsequent studies
extended insulin’s second receptor-binding surface to include residues
HisB10, GluB13, LeuB17, SerA12, LeuA13, and GluA17 [39,58]—this
subset of residues overlaps the hormone’s hexamer-forming surface
(Figure 1E).

It also became apparent that receptor engagement requires the C-ter-
minal segment of the insulin B chain to disengage from the hormone’s
core: in other words, insulin must undergo conformational change upon
receptor binding. The evidence for this was as follows. First, a single-
chain insulin constructed by linking the B-chain’s C terminus directly
to the A-chain’s N terminus had no detectable activity despite the
resultant polypeptide retaining the canonical dimer mode of assembly of
the native hormone (PDB 6INS) [59]. Such linking stabilizes the packing
of the B-chain C-terminal segment against the hormone’s core and
prevents it from disengaging. Second, the clinical ValA3Leu mutant
(insulin Wakayama) has less than 1% of native insulin’s affinity for the
receptor [60] despite having a crystal structure effectively identical to that
of the native hormone (PDB 1XW7) [61]. However, the side chain of the
mutant residue LeuA3 is largely buried within the hormone’s core, the
burial being effected by the residues at the B chain’s C terminus. The
implication is hence that, for the mutation to effect a reduction in receptor
affinity, the mutated residue must become exposed to engage the re-
ceptor. Third, the clinical PheB24Ser mutant (insulin Los Angeles) retains
a native-like solution structure but lacks activity (PDB 1HIQ) [62, 63]. The
serine side chain is mostly buried against the mutant hormone’s core;
again, the implication is that for the substitution to effect a reduction in
receptor affinity, the residue needs to be exposed. These conclusions
were indirectly supported in turn by data from a solution structure of
PheB24Gly insulin, wherein the B20—B30 segment was found to be
highly mobile, despite the fact that GlyB24 insulin retains 78% of its
native insulin affinity for receptor (PDB 1HIT) [64].

An intriguing observation is that insulin can also adopt within crystals a
so-called “R-state” form, wherein its B-chain helix is extended N-
terminally to include most of residues B8 to B1, the hexamer under
these circumstances coordinating four—rather than two—zinc ions
(PDB 1ZNI) [65]. The R-state structure is presumably of lower energy
than the form previously described (the so-called “T state”) and was
tentatively suggested to reflect a receptor-bound form (see [66] for a
review). However, no R-state form of insulin has been found in any of
the structures of the insulin-complexed receptor determined to date.
The R-state form is hence likely an artifact of crystallization or perhaps
an intermediate along the receptor-engagement pathway.

In summary, insulin’s three-dimensional structure is that of a
compact globular protein but one that has to fulfill many func-
tions—storage in the pancreatic B cells, transport in the plasma,
receptor engagement and, ultimately, to be available for proteolytic
degradation within the endosome. Most of the hormone’s surface is
thus likely involved in more than one role and, indeed, complete
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functionality appears to require the generation of additional surfaces
through conformational change that exposes the hormone’s core.
Understanding this complexity necessitates atomic-level imaging of
the receptor in both insulin-free and insulin-bound form.

3. THE INSULIN RECEPTOR’S THREE-DIMENSIONAL
STRUCTURE

Insulin’s role in promoting glucose transport across cell membranes was
discovered in 1949 [67], and an insulin-binding fraction of rat liver
membrane was first isolated in 1970 [68], establishing that insulin acted
via a cell-surface receptor. Competing results were published by two
other groups in 1971 [69—72]. Insulin’s receptor was first isolated in
1972 from liver and fat cell membranes [73] and subsequently shown to
be an (af), disulfide-linked homodimer [74,75]. The receptor’'s cDNA
was sequenced in 1985, revealing that the o chain lay N-terminal to the 3
chain and that these chains were separated by a proteolytic cleavage site
[76,77]. The multidomain organization of both the o and  chains was
also evident: the receptor was seen to comprise (from the N terminus) a
leucine-rich-repeat domain (L1), a cysteine-rich region (CR), a second
leucine-rich region (L2), and three predicted fibronectin type Ill domains
(denoted Fnlll-1, Fnlll-2, and Fnlll-3, or F1, F2, and F3, respectively),
followed by a transmembrane (TM) domain, an intra-cellular juxta-
membrane segment (JM), a tyrosine kinase (TK) domain, and a C-ter-
minal tail (C-tail) [76,77,80—83] (Figure 2A). The a/p cleavage site lies
within a largely disordered region—called the insert domain (ID)—that in
turn lies within domain Fnlll-2 (see below). The protein was found to be
expressed as two splice mutants differing by the presence (in isoform B)
or absence (in isoform A) of the product of exon 11 [84] (Figure 2A). Inter-
a.-chain disulfides were located at residue Cys524 (within domain Fnlll-1)
[85] and at one or more sites within the Cys682, Cys683, and Cys685
triplet [86] (Figure 2A). An a-to B-chain disulfide bond was also shown to
be formed between residues Cys647 and Cys872 (A isoform numbering)
[86]. The receptor sequence was found to have fifteen potential N-linked
glycosylation sites within its o chain and four within its 3 chain [77]. All
but one of these sites (Asn78) subsequently proved to be glycosylated
[78], though their role in receptor biosynthesis and function remains only
partly understood [79]. Insulin binding was shown to result in the auto-
phosphorylation of two tyrosine residues in the JM segment, three in
the TK domain, and two in the C-tail segment [87—90]. It should be noted
that the insulin receptor together with its homologs—the type 1 insulin
like growth factor receptor and the insulin receptor related receptor—are
unique among the receptor tyrosine kinases (RTKs) in that they are pre-
formed disulfide-linked dimers, the remainder of the RTKs being
monomers [91]. Discussion of how the mechanism of activation of the
insulin receptor sub-family aligns with or differs from that of other RTK
sub-families is beyond the scope of this review.

The three-dimensional structure of the receptor itself was revealed in
stages. The first structure was obtained in 1994 and was that of the
intra-cellular tyrosine kinase domain in its unphosphorylated form,
determined at 2.1 A resolution (PDB 1IRK) [92]. This structure was
also the first to be determined of any tyrosine kinase domain and was
shown to be similar to those of protein serine/threonine kinases. In
particular, the TK domain displayed the characteristic two-domain
structure of the latter kinases, comprising an N-terminal lobe with
five anti-parallel 3 strands and a single a. helix, followed a C-terminal
lobe with eight o helices and four B strands (Figure 2B). In this
structure, the so-called activation loop (residues 1149—1170, which
span two short strands of the C-terminal lobe and contain the
phosphorylation sites Tyr1158, Tyr1162, and Tyr1163) traverses the
cleft between the N- and C-terminal lobes (Figure 2B). Although

residue Tyr1162 is poised for phosphorylation within the structure,
the ATP-binding site is blocked by this residue, preventing Tyr1162
cis-phosphorylation.  Further structural study of the non-
phosphorylated TK domain revealed that residue Tyr984 (lying in
the immediate upstream region of the juxtamembrane segment and
not a phosphorylation site) stabilizes a catalytically non-productive
position of the canonical a.C helix of the domain’s N-terminal lobe.
Alanine mutation of Tyr984 results in a marked increase in receptor
phosphorylation levels in cells, and phenylalanine mutation of Tyr984
results in a four-fold increase in the enzyme’s Kgq: [93]. How insulin
activates the TK domains will be discussed later in this review.

The second structure of an insulin receptor fragment to be obtained was
that of the receptor’s isolated L1-CR-L2 module determined at 2.32 A
resolution (PDB 2HR7) [7]. In this structure, the receptor domains L1 and
L2 have [-barrel fold topologies, with the constituent [ strands
assembling into three distinct sheets (denoted 1, B2, and B3). Domain
L1 is intimately associated with the downstream CR region, which itself
has an irregular structure consisting of eight modules, each containing
either one or two disulfide bonds (Figure 2C). The connection between
the CR region and domain L2 is flexible as evidenced by the two distinct
conformations of the respective receptor L1-CR-L2 modules within the
crystallographic asymmetric unit. The L1-CR-L2 module crystal structure
was followed the same year by that of the intact receptor ectodomain in
apo form, crystallization of the latter being facilitated by the attachment
of four antibody fragments (“Fabs”) as well as by removal of a highly
glycosylated segment near the B chain’s N terminus (PDB 2DTG) [8].
Within this structure (determined at 3.8 A resolution), the L1-CR-L2
module has an extended conformation, followed by domains Fnill-1,
Fnlll-2, and Fnlll-3 in a folded-over linear arrangement. The second
o, monomer (the domains of which are conventionally indicated with a
prime symbol /) packs with its L1’-CR’-L2" module adjacent to the first
monomer’s [Fnlll-1]-[Fnlll-2]-[Fnlll-3] module, the entire assembly then
exhibiting a A-shaped two-fold-symmetric structure (Figure 2D). Sub-
sequent refinement of this structure (PDB 3LOH, PDB 4ZXB) [94,95]
revealed that the C-terminal region (“a.CT”) of the receptor o chain is
assembled as an o helix on the surface of the L1-B, sheet, inter-
digitated with it by a series of hydrophabic residues (Figure 2E). The
remainder of the insert domain is largely disordered within the structure.
A salient feature of the apo ectodomain structure is that the mem-
brane entry points (the respective C termini of domains Fnlll-3 and
Fnlll-3') are separated by ~120 A. This separation arguably holds
the intra-cellular TK domains apart and prevents their trans-
phosphorylation (transphosphorylation being the receptor’s mode of
activation [96]). Insulin binding was thus proposed to alter the A-
shaped conformation, effecting the uniting of the Fnlll modules and
concomitantly transphosphorylation of the intra-cellular TK domains.
It could be asked whether the A-shaped conformation of the apo
ectodomain is a crystallographic artifact caused by the removal of the
TM and intra-cellular domains and/or by the attachment of the four
Fabs. This is a legitimate question, as many of the observed
domain—domain interfaces in the ectodomain structure are sparse,
indicative of conformational flexibility. Also, the isolated receptor
ectodomain does not display high-affinity hormone binding nor does
it display negative cooperativity [97], and hence its three-
dimensional structure may not fully reflect that of the holo-
receptor. Nevertheless, evidence argues against the ectodomain
structure being artifactual. First, low-resolution imaging of apo holo-
receptor embedded in lipid nanodiscs reveals a similar A-shaped
conformation for the ectodomain region [11]. Second, a similar
structure has since been obtained for the apo ectodomain of the type
1 insulin-like growth factor receptor (IGF-1R) in complex with a
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IR (aB)' monomer
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Figure 2: Three-dimensional structure of the human apo insulin-receptor (IR) ectodomain. (A) Domain layout of the disulfide-linked (otf3), homodimer; close-up view shows
the sequence detail of the o chain’s C-terminal region. The domain nomenclature is defined in the main text. Interchain disulfide bonds are shown as green lines. (B) Bi-lobal
structure of the IR TK domain (N-terminal lobe in blue, C-terminal lobe in yellow, and the activation loop in green). (C) Structure of the IR L1-CR-L2 module. (D) Structure of the o3
monomer showing its pairing with the (c.3)’ monomer to form the (.B), homodimer. The green disc (bottom right) represents the cell membrane. In the panel, the N and C termini
of the o chain and {3 chain are denoted as ay, o, Py, and fc, respectively. Dashed connectors indicate residue segments disordered in the crystal structure. (E) Detail of the
engagement of the oCT’ helix with the L1-B, surface. Panels are based on PDB 1IRK [92], PDB 2HR7 [7] and PDB 4ZXB [95].

qualitatively distinct combination of antibody fragments (two Fv
modules) (PDB 5U8R) [98]. IGF-1R is very closely related in sequence
to the insulin receptor [99]. What must be recognised, however, is
that the crystal structures are static, they do not reveal the degree of
conformational flexibility that occurs in vivo. Conformational flexibility
may allow the apo insulin receptor to adopt an active conformation
for a percentage of time, which could in turn be responsible for the
5—10% basal signaling level of the receptor system reported in
[90,100]. We will return to this issue later.
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The ectodomain structure’s second salient feature is the interaction
of domain L1 with an a.CT segment [8,94]. The structure in itself does
not—due to the disorder of most of the insert domain residue-
s—resolve whether these elements belong to the same a chain.
However, chemical cross-linking data showed that insulin binding
cross-links receptor o chains [101], with one receptor monomer
contributing domain L1 and the second its a.CT’ segment [94]. As
both the receptor domain L1 and receptor aCT segment harbor
residues critical for insulin binding [102,103], it thus appeared
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natural that the observed L1 plus «CT tandem element of the apo
receptor was the likely insulin-binding site and that the observed L1
and oCT elements arose from different monomers [94]. However, the
structure did not reveal how insulin engaged the tandem element nor
the location of further insulin-binding sites.

4. PUTTING IT ALL TOGETHER: HOW INSULIN ENGAGES ITS
RECEPTOR

Whereas the above structures provided clues on how insulin and its
receptor might engage, they ultimately disguised the complexity of the
hormone’s interaction with the receptor. | begin by describing the
discovery of how insulin opens up to engage the L1-+oaCT’ tandem
element, the latter now called the receptor’s “primary” binding site.
The nature of this engagement was revealed through crystal structures
(to 2.9 A resolution) of insulin in co-complex with a domain-minimized
version of the insulin receptor comprising the two-domain L1-CR re-
ceptor fragment complemented with an exogenous a.CT’ peptide (the
so-called insulin “micro-receptor” or “pIR”; Figure 3A) (PDB 3W11,
PDB 40GA, PDB 6VEP) [9,10,16]. Despite such drastic domain mini-
mization, details on the hormone pIR complex are found to be
conserved within the more recent insulin-bound ectodomain and
insulin-bound holo-receptor structures obtained by cryoEM.

The insulin-pIR complex shows that, upon engagement, the C-terminal
segment (residues B24 to B30) of the insulin B chain folds away from
the hormone’s core, rotating from being oriented anti-parallel to the B-
chain helix to lying approximately perpendicular to it. The observed
folding out of insulin’s B-chain C-terminal segment thus aligned
completely with the earlier predictions described in Section 2 above.
The concomitantly exposed surface of the hormone’s B-chain helix
docks onto the receptor's aCT’ helix, with the two helices aligning
parallel (Figure 3A). In this assembly, the insulin B-chain helix engages
with the C-terminal ends of the L1-f, sheet strands, whereas the
insulin A chain engages solely the aCT’ helix and not with receptor
domain L1 (Figure 3B). Insulin residue PheB24 appears as a hinge
point in the folding out of the B-chain C-terminal segment, its side
chain remaining docked with the hormone’s core by virtue of a
compensatory rotameric change in its phenyl ring. The a.CT’ helix also

A

undergoes conformational changes upon insulin docking: it rotates
about an axis perpendicular to the L1-f, surface to align approximately
perpendicular to the direction of the L1-B, strands (Figure 3B). The C-
terminal part of the aCT’ helix extends to include a further turn,
bringing receptor residue Phe714’ into engagement with the hor-
mone’s core. In PR crystal structures, the N-terminal (non-insulin-
engaged) part of the aCT’ helix disassembles; however, such disas-
sembly was later seen to be an artifact of the pIR platform [12].

The structural features of the PR complex explain a wealth of
biochemical data regarding both insulin and its receptor. First, the
long-predicted folding out of insulin’s B-chain C-terminal segment
was confirmed. Second, insulin residues engaging the receptor
tandem element include GlyB8, SerB9, LeuB11, ValB12, GluB13,
LeuB15, TyrB16, ArgB22, GlyB23, PheB24, PheB25, TyrB26, GlyA1,
lleA2, ValA3, GluA4, AsnA18, and TyrA19. This set coincides with the
hormone’s “classical” binding surface, but includes additional resi-
dues within the insulin core that are exposed on the folding out of the
B chain’s C-terminal strand. Third, residues on the surface of the L1-
B, sheet identified prior as important for insulin binding—on the
basis of either clinical mutation or alanine scanning mutagenesis
(reviewed in [7])—are seen in this structure to engage either insulin
(L1-B5 residues Asp12, Asn15, Leu37, Phe39, Lys40, and Arg65),
the reconfigured a.CT’ segment (L1-P, residues Leu36, Leu37,
Phe88, Phe89, Tyr91, Val94, Phe96, Arg118, and Glu120), or both
(L1-B5 residues Arg14, Phe64, and Glu97). Likewise, key residues
within the oCT’ segment identified prior as important for insulin
binding (Thr704’, Phe705’, Glu706’, Tyr708’, Leu709’, His710’,
Asn711/, Val713’, Phe714’, and Val715’) [103] are seen in this
structure to engage either insulin, the L1-B> sheet, or both. a.CT
residues that upon mutation to alanine do not affect insulin binding
[103] are likewise seen to have very limited engagement with insulin
or the L1-B, surface (a.CT’ residues Asp707’, Val712’, Pro716’, and
Arg717’). In interpreting these results, it is important to note that the
L1-CR module is incapable of binding insulin in the absence of an
a.CT’ element [104,105].

A critical deduction from the insulin-bound IR structure is that when
its L1-CR module is overlaid onto the corresponding module of the apo
ectodomain structure, extensive steric overlap occurs between the

Figure 3: Insulin’s engagement with its primary binding site on the receptor. (A) Schematic diagram illustrating both the folding out of the B-chain C-terminal region of
insulin from the hormone’s core (asterisk, top left), the reconfiguration upon insulin binding of the .CT’ helix on the L1-[3, surface (asterisk, bottom left), and insulin’s engagement
with the L1+-aCT’ tandem element (right). (B) Detail of the packing of a.CT’ residues His710" and Phe714’ into the hormone’s core as well as the reconfiguration of the three
aromatic residues PheB24, PheB25, and TyrB26 within insulin’s B-chain C-terminal region. Panels are based on PDB 1MSO [32], PDB 4ZXB [95] and PDB 6VEP [16].
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WR-bound insulin and the adjacent domains Fnlll-1” and Fnlll-2’ [9].
Insulin binding thus requires either prior separation of the apo
L1+0aCT element away from the adjacent Fnlll” module, an induced fit
mode of the hormone’s engagement with these elements, or both.

As intriguing as the insulin-complexed IR structures are, they did
not foreshadow the large-scale domain rearrangements that occur in
the ectodomain as a whole upon insulin binding. These rearrange-
ments’ complexities were ultimately revealed by cryoEM [12—15], a
technology that has recently enabled 3D structures of large
macromolecular complexes to be generated with considerably more
ease than via the X-ray crystallographic route, its enablers being
awarded the Nobel Prize in Chemistry [21—23]. CryoEM structures of
the insulin-complexed receptor have been obtained from a repertoire
of receptor constructs, including (a) the insulin holo-receptor (the
full-length receptor inclusive of its transmembrane and cytoplasmic
elements) [14], (b) the isolated receptor ectodomain [12,15], and (c)
an ectodomain construct that has a leucine-zipper element attached
at the C terminus of each [ chain, leucine-zipper attachment
arguably providing a mimic of the holo-receptor’'s membrane
anchoring, which ostensibly reduces the conformational mobility of
the receptor extracellular domains [13]. These receptor constructs
(Figure 4) have different insulin-binding kinetics: the insulin holo-
receptor displays sub-nanomolar affinity for insulin and negative
cooperativity of insulin binding [54], whereas the isolated ectodo-
main displays nanomolar insulin affinity for insulin and no negative
cooperativity [97], and the leucine-zippered receptor ectodomain
sub-nanomolar affinity for insulin, but its cooperativity of insulin
binding has not been explicitly investigated [13,106]. It is thus not
immediately clear whether differences in the details of the cryoEM
structures reflect intrinsic differences in the constructs or differences
in cryoEM sample preparation/methodology. The structures will be
described here in increasing order of hormone-to-receptor stoichi-
ometry, beginning with the cryoEM structure of a single insulin
molecule bound to the leucine-zippered receptor ectodomain
(Figure 5A; PDB 6HN4, PDB 6HN5) [13]—all the other structures (bar
one of significantly lower resolution; PDB 6CE7 [12]) have a higher
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stoichiometric ratio of bound insulin. The zippered structure’s
average resolution is 3.2 A in its membrane-distal portion and 4.2 A
in its membrane-proximal region, and its salient features are as
follows [13]:

(@) The single insulin molecule is bound to one of the two L1+aCT’
elements within the construct and in a manner closely similar to
that seen in the pLIR-based structure described above. In particular,
the B-chain C-terminal segment is folded out away from the hor-
mone’s core, the insulin B-chain helix docks parallel to that of a.CT’,
and the o.CT’ element is reconfigured on the L1-B, sheet surface
(Figure 5A).

(b) Within the construct, the insulin-bound L1-CR-L2 module un-
dergoes marked conformational changes with respect to its loca-
tion within the apo receptor ectodomain. In particular, domain L2 is
folded out of the four-domain [L2+Fnlll-1], “head” component of
the receptor, and the L1-CR module is disengaged from domain
Fnlll-2" and then rotated further about the CR-to-L2 junction
(Figure 5B)—these changes combine to place the [L1-+aCT']-
bound insulin in interaction with the membrane-distal loops of
domain Fnlll-1" (Figure 5C). Insulin residues involved in this latter
interaction include AsnB3, HisB5, HisB10, and GluB13, these four
residues reside in the N-terminal portion of the insulin B chain.
Receptor residues involved in the interaction include Asp 496/,
Phe497’, Arg498’, and Arg539’ and possibly further residues with
the loop formed by Fnlll-1” domain residues 540’-545' (the latter
loop is disordered within the structure).

(c) The insulin-bound aCT’ helix extends N-terminally with respect to
its apo form—the aCT’ helix now spans receptor residues 688 to
714, i.e., to within four residues of the cysteine triplet (Cys682,
Cys683, and Cys685) that forms inter-c-chain disulfide bond(s)
(Figure 5D).

(d) These conformational changes also cause extensive interactions
between (i) receptor domain L2 and the extended aCT’ helix, (ii)
receptor domain Fnlll-1” and the extended a.CT’ helix, and (iii) re-
ceptor domains L1 and L2 (Figure 5E). These intra-receptor

A
L1 CR L2 Fnlll-1 Fnlll-2 IDa IDB Fnlll-2 Fnlll-3 TM JM TK C-tail
I — I 3 Holo-receptor
— I — r 1 3  Negative cooperativity
L1°  CR' L2 Fnlll" Fnll2° Do’ IDR Fnlll-2” Fnlll-3” TM'UM°  TK' C-tail’ High-affinity insulin binding
B
L1 CR L2 Fnll-1 Fnlll-2 IDa_IDB Fnlll-2_Fnlil-3 Isolated ectodomain
No negative cooperativity
] I | No high-affinity insulin binding
L1 CR’ L2’ Fnlll-1" Fnlll-2" IDa” IDB"Fnlll-2" Fnlll-3’
Cc
L1 CR L2 Fnlll-1 Fnlll-2 IDa IDB Fnlll-2 Fnlll-3 et L , . J sctod in (A
[r— T — eucine-zippered ectodomain (AB)
Negative cooperativity unknown
- - Zipper High-affinity insulin binding
L1 CR’ L2’ Fnlll-1" Fnlll-2" IDa” IDB" Fnlll-2" Fnlll-3’

Figure 4: Insulin receptor (IR) constructs used in structures determined by cryoEM. (A) Holo-receptor IR construct employed by Uchikawa et al. [14]. (B) IR-A ectodomain
constructs employed by Scapin et al. [12] and Gutmann et al. [15]. (C) Leucine-zippered ectodomain construct employed by Weis et al. [13] including the so-called Ap modification

that removes the highly glycosylated segment near the (8 chain’s N terminus [8].
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Figure 5: Three-dimensional structure of the single-insulin-bound insulin receptor ectodomain. (A) Overall domain configuration of the single-insulin-bound insulin receptor
ectodomain determined in the context of the leucine-zippered construct. (B) Schematic demonstrating how the L1, CR, and L2 domains and the a.CT’ segment relocate to the
receptor “head” upon insulin binding. Domain names are circled for the insulin-free elements and boxed for the insulin-bound elements. Only a single receptor “leg” is shown (that
is, domains L1, CR, and L2 from one monomer and domains Fnlll-1, Fnlll-2, Fnlll-3, and :CT" from the alternate monomer). (C) Detail of (A) showing engagement of insulin with
domain Fnlll-1’. (D) Detail of (A) showing the reconfiguration of aCT’ upon the L1 surface upon insulin binding. (E) Detail of (A) showing engagement of domains L2 and Fnlll-1’
with the extended oCT” helix and engagement of domain L1 with domain L2 upon insulin binding. (F) Detail of (A) showing how the domains Fnlll-2, Fnlll-2, Fnlll-3, and Fnlll-3’ fold
inwards with respect to the apo receptor ectodomain structure, forming an interaction between domains Fnlll-3 and Fnlll-3’ while retaining an apo-like association of domain L1’
with domain Fnlll-2. Panels are based on PDB 6HN5 [13], PDB 6HN4 [13] and PDB 4ZXB [95].

interactions are absent in the apo ectodomain structure. Residues Asp499’, Asp533’, and Thr571’, and domain L1 residues Leu87,
involved include oCT" residues Lys687’, Asp696’, Glu697’, Phe89, Asn90, Arg114, and Asp142 (residues selected are based
Ser700’, Phe701’, Lys703’, Glu706’, and Asp707’, domain L2 on an assessment of PDB 6HN5 [13] as well on those reported in
residues Ser323, Val324, Thr325, GIn328, Arg345, Gly346, the further insulin-complexed receptor structures discussed
Leu350, and Glu353, domain Fnlll-2’ residues Asp496’, Arg498’, below). Of interest in this set is residue Ser323, which upon clinical
8 MOLECULAR METABOLISM 52 (2021) 101255 © 2021 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: CryoEM structure of the two-insulin-bound receptor “head.” The left- and right-hand panels show orthogonal views of the isolated insulin receptor ectodomain
prepared in complex with two insulins. Within this structure, domains Fnlll-2, Fnlll-2’, Fnlll-3, and Fnlll-3" are disordered. The mode of interaction of the first insulin with the
receptor domains L1, ¢.CT’, and Fnlll-1” and of the second insulin with receptor domains L1/, a.CT, and Fnlll-1 are both effectively identical to that of the single insulin bound to the

leucine-zippered construct shown in Figure 5. Panel is based on PDB 6CE9 [12].

mutation to leucine causes severe insulin resistance [107,108],
and Asp707, which upon clinical mutation to alanine results in
receptors being unable to bind insulin [109]. Uchikawa et al. [14]
showed that disruption of the salt bridge between domain L2
residue Arg345 and oCT’ residue Glu697’ diminishes receptor
activation.

(e) The receptor fibronectin-domain modules hinge inwards towards
the receptor ectodomain’s pseudo-symmetry axis, with a contact
forming between domains Fnlll-3 and Fnlll-3’ (Figure 5F).

(f) The insulin-free L1’+aCT element remains in an apo-like asso-
ciation with domain Fnlll-2 (Figure 5F), although the aCT helix
appears poorly defined on the L1’ domain surface [13].

Relevant to this structure’s interpretation is the way in which the
cryoEM sample was prepared—namely, by elution from an insulin-
affinity column upon application of a stoichiometric excess of insu-
lin. Excess insulin was then removed by size-exclusion chromatog-
raphy and the complex then further combined with the Fv module of
monoclonal antibody 83-7 and repurified by size-exclusion chro-
matography, with the final sample concentration being
0.09 mg mL~" [110, 111]. Critically, the retention of only a single
insulin molecule under these conditions suggests that the two
possible binding sites for insulin (formed by L1-+a.CT’ plus Fnlll-1” in
one instance and by L1'+aCT plus Fnlll-1 in the other) are non-
equivalent, arguably reflecting the known negative cooperativity of
insulin binding to holo-receptor [54].

The interaction of the Fnlll-3 domains in this structure is also infor-
mative. The juxtaposition of these domains is not a hard constraint of
zipper attachment, as there is an approximately 10-residue segment
within each receptor  chain between the C-terminal exit of domain
Fnlll-3 and the start of the zipper sequence [13,106]. The juxtaposition
of the receptor legs is thus likely a consequence of insulin binding,
compatible with the paradigm of insulin binding enabling juxtaposition
of the tyrosine kinase domains and their transphosphorylation. The
interaction between domains Fnlll-3 and Fnlll-3’ is not extensive,
suggesting that their interaction does not play a major role in stabilizing

2 The attachment of the Fv 83-7 module [16,111] was originally intended to aid
crystallographic study of the complex; in the cryoEM experiment; here, it potentially
aided particle classification and three-dimensional refinement. The Fv module is
attached to the receptor’s CR domain, distal to the insulin-binding site.

the signaling-active conformation of the receptor ectodomain [13]. This
point will be returned to later.

A key issue raised by this structure is that it does not display the
predicted engagement of insulin’s hexamerization surface with the
receptor (Figure 1E), the latter surface surmised to be involved in the
formation of the site 1-site 2’ cross-link proposed necessary for high-
affinity insulin binding. Indeed, the only additional interaction of in-
sulin with receptor observed in this structure is that of insulin with
domain Fnlll-1’ (Figure 5C, see (b) above); this interaction is sparse
and does not involve the hexamerization surface [13], implying that
there was likely yet a further binding surface on the receptor to be
discovered.

The second cryoEM structure to be discussed is that published by Scapin
et al. [12], shortly before the appearance of the leucine-zippered re-
ceptor complex in the literature. The sample comprised the isolated
receptor ectodomain combined with insulin at a 10:1 insulin-to-receptor
ratio and prepared at a concentration of 0.3 mg mL~" The structure
displays two insulins bound in an apparently symmetric fashion at a
resolution of 4.3 A (PDB 6CE9, PDB 6CEB). The insulins are bound to the
respective receptor L1+aCT’ and L1’+oCT elements in a fashion
similar to that described above, with the L14+oCT’ and L1'+aCT
modules detaching from their respective adjacent domains Fnlll-2’ and
Fnlll-2 and both undergoing similar conformational changes to bring
their respective insulins into contact with the membrane-distal loops of
the respective domains Fnlll-1’ and Fnlll-1 (Figure 6). Both domains L2
and L2’ fold out of the receptor head and the o.CT’ and &.CT helices both
undergo N-terminal extension, these changes again being individually
similar to those in the single-insulin-bound leucine-zippered receptor
construct described above. Domains Fnlll-2, Fnlll-3, Fnlll-2’, and Fnlll-3’
are, however, unresolved, suggesting their conformational flexibility
(domain Fnlll-2" could, however, be partially resolved when two-fold
symmetry was relaxed [12]). Scapin et al. also presented a lower-
resolution structure (7 A resolution) of the single-insulin-bound recep-
tor ectodomain [12], with domains Fnlll-2, Fnlll-3, and Fnlll-3’ likewise
unresolved. The overall conformation of this lower-resolution structure
appears compatible with that described for the single-insulin bound
leucine-zippered ectodomain, but its (insulin-free) L1/-CR’ module is
detached from domain Fnlll-2.

The final cryoEM structures to be described are two that each
display four bound insulins. The first of these two was obtained
using an insulin receptor ectodomain construct prepared at 40 puM
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Figure 7: Three-dimensional structure of the four-insulin-bound insulin receptor ectodomain. (A) Overall pseudo-symmetric structure of the four-insulin-bound insulin
receptor ectodomain structure determined by Gutmann et al. [15]. The binding sites of the additional bound insulins are enclosed in dashed circles. (B) Detail of insulin’s binding to
the surface of domain Fnlll-1” in the structure, as seen in the structure determined by Uchikawa et al. [14]. (C) Interaction between domains Fnlll-3 and Fnlll-3’ in the structure
determined by Gutmann et al. [15]. (D) Interaction between insert domain segments IDo. and IDa’ in the structure determined by Uchikawa et al. [14]. Panels are based on PDB

6SOF [15] and PDB 6PXV [14].

concentration and at a 28:1 insulin-to-receptor ratio and was ob-
tained at an average resolution of 4.3 A (PDB 6SOF) [15]3. The
second was obtained using detergent-solubilized insulin holo-
receptor prepared at 7 mg mL~" at a 4:1 insulin-to-receptor ratio
and yielded an average resolution of 3.1 A for the head part of the
insulin-bound receptor and 3.2 A for the structure as a whole (PDB
6PXW, PDB 6PXV) [14]. The TM- and cytoplasmic domains were
absent from the latter model. Whereas these two structures differ in
detail, the overall conformational changes caused by insulin binding
are closely similar across the two structures. Single insulin
molecules are bound to the respective primary binding sites
formed by the L1-+aCT’ and L1'+aCT elements. The L1-CR-L2
modules undergo similar conformational changes to those seen in
the structure of Scapin et al. [12], bringing their two bound insulins
into contact with the membrane-distal loops of domains Fnlll-1” and
Fnlll-1, respectively, again in a fashion similar to that described
above.

3 Published in advance of peer-review as https:/www.biorxiv.org/content/10.1101/
679233v1.

The striking difference in these two structures with respect to the
earlier structures of Scapin et al. [12] and Weis et al. [13] is the
presence of the two additional insulins, attached to the outward-facing
B-sheet surfaces of domains Fnlll-1 and Fnlll-1/, respectively
(Figure 7A). The additional insulins bind the receptor via residues
GInB4, GluB13, LeuB17, ValB18, GluB21, LeuA13, TyrA14, and GIuA17
(Figure 7B). This residue set aligns closely with the hexamer-forming
set of insulin residues (HisB10, GluB13, LeuB17, SerA12, LeuA13, and
GluA17; Figure 1E) predicted to engage receptor site 2/ [58,112]. The
two additional insulins display the receptor-free conformation of in-
sulin, that is, their B-chain C-terminal segment remains engaged with
the hormone’s core. Residues of domain Fnlll-1 involved in the inter-
action include Tyr477, Argd79, Lys484, Leud86, Arg488, Pro537,
Leu552, and Arg554 (similar to the interaction of domain Fnlll-1” with
its insulin). Mutation of residues Lys484 and Leu552 individually to
alanine were previously shown to reduce receptor ICsq for insulin two-
and five-fold, respectively [112], and in Uchikawa et al.’s study [14],
the authors showed that the individual mutation of Tyr477Ala,
Arg479Glu, Lys484Glu, Arg488Glu, Pro536Ala, Pro537Ala, Leu552Ala,
and Arg554Glu each led to decreased insulin-dependent activation,
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with the Lys484 and Leu552 mutations having the greatest effect.
However, these [Fnlll-1]- and [Fnlll-1’]-bound insulins do not form
inter-monomer cross-links to sites 1 or 1/ (apart from relatively minor
contacts with domains L1 and with part of the insert domain [15]).
Their binding sites presumably have lower affinity for insulin than the
primary [L1+aCT']- and [L1'+aCT]-binding sites as they appear to
have been populated only under insulin-saturating conditions.
Intriguingly, in the four-insulin-bound ectodomain-only structure [15],
domains Fnlll-3 and Fnlll-3’ contact each other, whereas in the four-
insulin-bound holo-receptor structure, a contact forms instead be-
tween a- and o/-chain segments immediately downstream of the
respective a-to-p and o/-to-p’ disulfide bonds, with none occurring
between domains Fnlll-3 and Fnlll-3’ (Figure 7C). Both of these inter-
monomer contacts differ from that in the single-insulin-bound leucine-
zippered ectodomain structure described above. The lack of a common
interaction across these structures’ membrane-proximal elements
suggests that the insulin-bound form of the receptor ectodomain is not
stabilized by an interaction between its membrane-proximal elements;
these interactions are likely secondary to the domain rearrangements
that occur within the receptor’s “head” region.

There are further differences between the two four-insulin-bound
structures. The structure presented by Uchikawa et al. [14] had an
“almost perfect” two-fold (C2) symmetry and was hence refined with
the symmetry enforced. Focused refinement of the head region alone
allowed further improvement to the 3.1 R resolution. However, relax-
ation of C2 symmetry allowed the detection of a subset of particles that
possibly had only three bound insulins, one each to [L1-+aCT’] and
[L1"+0aCT] and one to one of the domain Fnlll-1 sites. By contrast, the
structure presented by Gutmann et al. [15] displayed only pseudo-two-
fold symmetry. Notably, the insulin bound to site 2’ (that is, to the site on
domain Fnlll-1") was seen to interact with the segment GIn672-Ser673
(within the insert domain of the alternate monomer to domain Fnlll-17)
and with the segment Glu676’-Cys682’ (within the insert domain of the
same monomer as that contributing domain Fnlll-1), whereas the site
2-bound insulin displayed no interaction with either monomer’s insert
domain. These insulins also differed in the extent of their interaction
with the respective domains L1 and L1’. The reasons for these
asymmetries were unclear. However, it should be noted that the in-
teractions of the site 2,2’-bound insulins with the insert domains and
with domains L1 and L1’ were sparse and may lack physiological
relevance in a holo-receptor context. Gutmann et al. also detected
subsets of particles that displayed marked asymmetry of the head,
apparently arising from two- or three-insulin-bound particles. Molecular
dynamics analysis of their four-insulin-bound particles also indicated
that one of the two site 1-bound insulins was more mobile than the
other. Whereas it is possible that these asymmetries reflected binding
subtleties, it is also possible that they reflected asymmetries induced by
asymmetric association of the particles with the air—water interface.
The role of the additional insulin-binding sites is not well understood. Itis
possible that they are involved in the initial interaction of insulin with its
receptor (individual mutation of insulin residues LeuA13 and GIuA17 to
alanine reduces the receptor on-rate by nearly 20-fold [113]). It is also
possible that insulin binding to these site(s) indirectly destabilizes the
interaction between the apo L1+aCT’ tandem element and the adjacent
domain Fnlll-2'—this destabilization may allow domain L1 to disasso-
ciate from domain Fnlll-2’, resulting in the L1+-a.CT" element then being
accessible to an incoming insulin molecule. One such mechanism for
destabilization may be interactions between one of these insulins and
domain L2 upon binding the apo-receptor: superimposition of the insulin-
bound domain Fnlll-1’ onto its counterpart in the apo-receptor results in
steric overlap with an N-terminal loop segment of domain L2 [14].
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Destabilization of domain L2 will likely destabilize the interaction of the
[L1-CR]+-aCT" module with domain Fnlll-2’, making the module
accessible to insulin. Alternatively, it is possible that the insulin molecule
bound to domain Fnlll-1’ itself becomes “captured” by the adjacent
insulin-free L1+oCT’ element, binding the latter by an induced fit
mechanism and in the process freeing domain L1 from adjacent domain
Fnlll-2’. The existence and location of these additional insulin-binding
sites may thus provide a hint as to how insulin gains access to the
L1+aCT element. A further point is that if the receptor sites bound by
the additional insulins are indeed sites 2 and 2’ within the kinetic model,
then the assignment of the interaction of the [L1+aCT’]-bound insulin
with domain Fnlll-1” as that of site 2’ (as in [12]) is incorrect.

As noted, the cryoEM structures of the insulin-bound insulin receptor
described above display different hormone-to-receptor stoichiome-
try—one, two, and four insulin(s) per (&), receptor. It is instructive
to consider a recent study by Gutmann et al. [11] wherein the authors
reported a low-resolution negative-stain electron microscopy study of
the insulin-complexed holo-receptor embedded in a lipidic nanodisc,
with insulin added at discrete concentrations (0 nM, 0.8 nM, 12 nM,
and 1000 nm, respectively). Under these experimental conditions,
three-dimensional reconstruction was precluded, but image analysis
yielded a set of two-dimensional class averages that broadly
concurred with the structures described above (Figure 8). In partic-
ular, a A-shaped conformation of the apo ectodomain was observed.
Addition of insulin then resulted in progressive appearance of T-
shaped structures wherein the legs of the A-shaped structure
transitioned to a single stalk, although the low resolution precluded
detection of individual insulin molecules. Furthermore, it appeared
that a single insulin molecule was sufficient to effect the transition to
the T-shaped structure, compatible with data indicating that the
receptor could be activated by a single insulin molecule [114,115].
The paucity of class averages that reflected the shape of the structure
reported by Weis et al. (Figure 5; [13]) suggested that the association
of the insulin-free [L1-CR]’ module with the adjacent domain Fnlll-2
within that structure may have been weak, leading to their separation
under negative-stain experimental conditions. This weak attachment
may also explain the low-resolution structure reported by Scapin
et al. of the single insulin-bound receptor ectodomain [12]. The T-
shaped structures did not appear to display precise two-fold sym-
metry, suggesting that the insulin-complexed receptor “head” region
may be somewhat mobile with respect to the “stalk” or that it may be
complexed asymmetrically with insulin or by a varying number of
insulins.

5. AN ALTERNATIVE MODEL OF THE KINETICS OF INSULIN’S
ENGAGEMENT WITH ITS RECEPTOR

Taken together, the cryoEM studies of the insulin-bound receptor
ectodomain and insulin-bound holo-receptor provide a set of struc-
tures that can be interpreted in a mostly unified fashion. However, it is
not possible to map these structures directly onto states within the
kinetic models of insulin binding proposed by De Meyts [57] and
Schaffer [56]. In particular,

(@) no insulin molecule is seen to form an inter-monomer crosslink
wherein the insulin interacts with one receptor monomer via its
classical binding surface and with the other receptor monomer via
its hexamer-forming surface.

(b) Instead, the classical binding surface of insulin is seen itself to
cross-link monomers (that is, a single insulin cross-links domain
L1 of one monomer to the a.CT’ segment of the other), even in the
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Figure 8: Two-dimensional class averages obtained from negative-stain images of insulin-bound nanodisc-embedded holo insulin receptor. (A) Apo holo-receptor
showing the characteristic A-shaped conformation assembled either into one or two nanodiscs (1U and 2U, respectively). (B) Insulin-complex holo-receptor assembled into
nanodiscs after complexation with insulin. All display incorporation into a single nanodisc, suggesting that insulin binding permits or directs the combination of the ectodomain’s
membrane proximal elements. Arrows are the blobs putatively corresponding to the tyrosine kinase domain(s). The class averages reflect either a T-shaped conformation (1T) or a
narrower conformation with two legs visible (Il), the latter may in some instances be a side view of the 1T conformation. Based on Figure 3 in Gutmann et al. (2018) J Cell Biol 217,
1643-9 (https://doi.org/10.1083/jch.201711047) and used under a Creative Commons License.

isolated ectodomain context. This cross-link cannot in itself reflect
high-affinity (sub-nM) binding as its affinity is nM [104,105].

(c) An additional receptor-binding surface of insulin is detected
spanning residues AsnB3, HisB5, HisB10, and GluB13 and
interacting with membrane-distal loops of domain Fnlll-1". These
receptor-binding residues lie largely outside of both the dimer-
ization and hexamerization surface of insulin. However, their
interaction with the receptor is not extensive and it is reasonable
to group them together with those that bind the L1+-aCT’
element. As this insulin interaction is present in both holo-
receptor and ectodomain-only structures, it also does not in it-
self appear responsible for high-affinity binding. High-affinity
binding must therefore result from the additional enthalpic con-
tributions that arise from the extensive reorganization of the re-
ceptor domains.

(d) However, whereas the receptor sites bound by the two additional
insulins do not correspond to sites within the cross-linking model,
they do correspond to sites that become populated at high con-
centrations and hence might be responsible for the reduced
negative cooperativity at high insulin concentrations.

Some clues emerge to the source of negative cooperativity (that is, the
non-equivalence of the [L1+aCT’] and [L1’+aCT] insulin-binding
sites). Weis et al. [13] showed that negative cooperativity may result
from the coupling of the oCT’ and aCT elements via the upstream
disulfide bond(s) at residues Cys682, Cys683, and/or Cys685, pro-
posing that the o.CT’ and aCT elements cannot both simultaneously
adopt configurations compatible with high-affinity binding to the
respective [L1+0aCT’] tandem elements.

A revised model is thus proposed herein for insulin’s receptor engage-
ment. In the apo state, the receptor ectodomain adopts the A shape
seen in both its crystal structure [8,94,95] and in negative-stain imaging
of nanodisc-embedded apo holo-receptor [11]. In this state, the primary
insulin-binding sites are partly occluded as a consequence of domain L1
engaging domain Fnlll-2" and domain L1’ engaging domain Fnlll-2.*
Receptor activation is then initiated due to insulin engaging via its
hexamer-forming surface, the outward-facing B-sheet surface of
domain Fnlll-1/, this interaction being of low affinity. Such insulin binding
then releases domain L1 from domain Fnlll-2’, enabling the L1+aCT’
element to then bind an insulin molecule with higher (nM) affinity. The
disengagement of the L1 domain from domain Fnlll-1" is likely facilitated
by an interaction with domain L2 of the insulin bound to domain Fnlll-1/
[14]. Whether the insulin molecule that binds L1+aCT’ is the same as
that bound to Fnlll-1” is an open question—if it is, then the binding of
that insulin to the L1+-a.CT’ element via its initial engagement of domain
Fnll-1” is an induced fit process.” The [L1-CR]+«CT’ module then
undergoes conformational changes to transport its bound insulin to the
“head” of the receptor whereupon the insulin docks onto the membrane-
distal loops of domain Fnlll-1”. Significant rearrangement of receptor
domains occurs in this process, which in turn enables the bringing

* These inter-monomer interactions (between domain L1 and domain Fnlll-2’ and
between domain L1’ and domain Fnlll-2) have been shown in IGF-1R to be essential
for the auto-inhibition of the receptor: an IGF-1R construct devoid of domains L1
and L1’ is constitutively active [116].

5 Indirect evidence of an induced fit mechanism arises from the soaking insulin-like
growth factor | (IGF-I) into crystals of the apo ectodomain of IGF-1R. In that study,
IGF-1 was seen to engage the occluded L1+aCT element of IGF-1R despite the
constraints of lattice embedding [98].
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Figure 9: Transmembrane and cytoplasmic domains of the activated insulin receptor. (A) Putative association of the TM domains of the insulin-activated holo-receptor
within a detergent micelle as detected by single-particle cryoEM [14]. The panel was extracted from Figure 1, Supplementary Figure 4 from Uchikawa et al. (2019) eLife 8, e48630
(https://doi.org/10.7554/eLife.48630) and used under a Creative Commons License. (B) Solution structure of the insulin receptor TM domain (backbone trace only, 20 structures
superimposed [118]). The traces are rainbow-colored representations from blue (Met939) to red (Glu988). The kink at residues Gly960/Pro961 [118] is arrowed; the shaded box
represents the membrane’s approximate span. (C) Trans-association of upstream juxtamembrane segment with the respective TK domains (residues Tyr972, Tyr1158, Tyr1162,
and Tyr1163 are phosphorylated) showing the interaction of the JM segment with the a.C helix of the opposing TK domain [119]. Blue ribbons: N-terminal lobes of the respective TK
domains; yellow ribbons: C-terminal lobes of the respective TK domains; green ribbons: phosphorylated activation loops; orange ribbons: respective upstream JM segments; gray

surfaces: respective molecular surfaces of the TK domains. The labeled segments are from the same TK domain.

together of the receptor ectodomain’s membrane-proximal regions.
These conformational changes also alter the affinity of insulin for the
alternate [L1-CR]'+-aCT module, either increasing it through destabi-
lizing its attachment to domain Fnlll-2 or decreasing it through the
destabilization of the a.CT element on the surface of the L1’-, sheet.
Whether a second insulin molecule is able to bind to this site will be a
function of the local insulin concentration, but were it free to bind insulin,
its affinity for insulin would be greater than that of the surrounding re-
ceptors, which have only (low-affinity) sites 2 and 2’ free to bind insulin.
These processes do not preclude domain L1 detaching transiently from
domain Fnlll-2’ to allow insulin access to site 1. As noted above, such
receptor domain mobility may underlie the receptor’s basal activity
(i.e., in the absence of insulin), perhaps in a fashion similar to that
proposed by Kiselyov et al. (i.e., “harmonic oscillation”) [117]. In this
regard, it is worth noting that attempts at cryoEM reconstruction of the
apo insulin receptor ectodomain discern considerable heterogeneity of
conformation, precluding high-resolution reconstruction [12,15].
Several alternative schemes have been proposed. Scapin et al. [12]
proposed that the oCT segment is disengaged from the L1 domain
prior to insulin binding and that the L1-CR-L2 modules to not engage
the Fnlll modules prior to insulin binding, i.e., the apo receptor does not
have the A-shaped conformation found in its crystal structure but
instead has a T-shaped conformation prior to insulin binding. However,
this seems very unlikely given that the A-shaped conformation is
confirmed by images of the apo holo-receptor in nanodiscs [11]. The
/\-shaped conformation is also consistent with that adopted by the
homologous ectodomain of IGF-1R in the absence of ligand and
wherein the a.CT segments are also seen docked on the respective L1
domains [98]. Uchikawa et al. proposed that one insulin binds first to
site 1 [14], although they did not specify how this occurs. They posited
that a second insulin binds to site 2, enabling insulin’s engagement
with site 1/ and a transition to the T-shaped structure. In this model,
the receptor is only partially active when bound with a single insulin,
but fully active when bound by three (or four) insulins. Whether insulin
receptors with multiple bound insulins occur under physiological
conditions remains an open question.

6. THE FINAL STEP: RECEPTOR ACTIVATION

The structures discussed above align with the paradigm of insulin
activating its receptor by intra-receptor transphosphorylation: in the A-
shaped apo receptor, the TK domains are kept apart, whereas in the
insulin-bound receptor, these domains are brought together. Two
additional structural studies are germane to these events. The first is
that co-obtained in the cryoEM study of detergent-solubilized insulin-
bound holo-receptor [14]. In that study, a three-dimensional recon-
struction was also obtained at 6.7 A that showed a tentative interaction
between the receptor’s two TM domains (Figure 9A). Such an interaction
may assist in stabilizing the insulin-bound holo-receptor, in turn aiding
transphosphorylation of the intra-cellular TK domains [14]. It should be
noted, however, that the low-resolution map precluded any accurate
modeling of the TM domains themselves, although a solution structure
of the latter has been determined in isolation (and shown to be helical
[118]; Figure 9B). The second is the crystal structure of the receptor’s
tyrosine kinase domains extended N terminally to include residues of the
juxtamembrane region and in co-complex with AMPPCP and Mg?*, with
the juxtamembrane residue Tyr972 and TK activation-loop residues
Tyr1158, Tyr1162, and Tyr1163 being phosphorylated prior to crystal-
lization [119]. Within this structure, the C-terminal segment of the jux-
tamembrane region associates in trans across the TK domains,
stabilizing the N-terminal lobe’s regulatory a.C helix; the activation loops
have a folded-out active conformation (Figure 9C). Such trans interaction
likely stabilizes the activated conformation of the TK domains and
promotes its kinase activity with respect to downstream substrates.

7. CONCLUSION

The first diffraction patterns from insulin were obtained in 1935 by
Dorothy Hodgkin (née Crowfoot) [3]; 34 years then elapsed before
insulin’s atomic structure emerged [6] and a further 44 years then
elapsed before atomic structures of the insulin-bound receptor began
to emerge [9]. These structures illuminate decades of corresponding
biochemical investigation but at the same time display a molecular
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complexity that remains understood only in part. The difficulty is that
current structural biology techniques provide only static images and,
consequently, little is understood of the dynamics of insulin insulin-
receptor engagement. Two pathways forward emerge. The first is to
increase the number of static images, with the aim of generating a set
of structures that populate the conformational trajectory traversed by
insulin as it activates the receptor. CryoEM is ideally suited to this task
given its ability to discern subpopulations (three-dimensional “clas-
ses”) of particles within a single sample. Better sample preparation
techniques will aid this process as well as the judicious use of mutant
insulins or receptor constructs that could lead to the trapping of stable
intermediates. The second is via in silico simulation. Molecular dy-
namics simulation has been used to improve or validate the atomistic
detail of insulin-complexed insulin receptor models derived from cry-
OEM as well as to understand the degree of mobility of domains within
these complexes [15]. It has also been used to investigate the
engagement of novel insulins with the receptor sites described above
[120]. Computational techniques to model the trajectories of the large-
scale domain motion that occurs within the receptor as whole upon
ligand binding may also become within reach [121—123]. The next
step forward is likely to occur within years, not decades.
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